In the past, Listeria monocytogenes was regarded as pathogenic at the species level. However, experimental data have demonstrated considerable variations in virulence and pathogenicity among strains [1, 2] . In a previous study, 24 naturally occurring low-virulence L. monocytogenes strains were identified [2] . This low virulence is a stable trait [3] . On the basis of their phe-notypic characteristics, the strains have been assigned by cluster analysis to 1 of 4 groups [4] . Five of the 6 strains in group III have causal mutations in plcA, inlA, and inlB genes [5] .
Among the different genotyping methods, pulsed-field gel electrophoresis (PFGE) is currently considered the criterion standard for subtyping the molecular epidemiology of Listeria in Europe and North America. Interestingly, among 623 virulent L. monocytogenes strains studied, the low-virulence group III strains have a specific PFGE profile [4] . New strains exhibiting the same specific profile have been identified. All have been found to be of low virulence except for the A23 strain characterized as virulent. This study aimed to characterize this new strain phenotypically and genetically.
Methods. The group III and A23 strains originating from food products were of serotype 1/2a. The virulent EGDe and the avirulent Listeria innocua strains were used as positive and negative controls, respectively (Institut Pasteur). For analysis, strains were cultured for 8 h in brain-heart infusion (BHI) broth (Difco).
Human adenocarcinoma cell line HT-29 (no. 85061109) (European Collection of Cell Cultures) was grown in 75-cm 2 plastic tissue culture flasks in Dulbecco-modified Eagle medium with glucose (4.5 g/L), 2 mmol/L L-glutamine and antibiotics (60 mg/mL penicillin and 100 mg/mL streptomycin).
Both invasion and plaque-forming assays performed on HT-29 cells have been described elsewhere [4] . Briefly, for invasion assays, cell monolayers were infected for 2 h, and extracellular bacteria were killed by addition of 100 mg/mL gentamicin for 1.5 h. The number of intracellular bacteria was expressed as the percentage of colony-forming units (CFUs) recovered after cell lyses relative to the number of bacteria deposited per well. For multiplication assays, cell monolayers were infected for 2 h and then treated with gentamicin. A multiplication index was determined. For plaque-forming assays, cell monolayers were infected for 2 h. After incubation for 1.5 h with 100 mg/mL gentamicin, monolayers were overlaid with an agarose gel containing indubiose in a culture medium supplemented with 10 mg/mL gentamicin. Results were expressed as the number of plaques obtained after 24 h per 7 log Listeria deposited.
The in vivo virulence of the strains was assessed after subcutaneous injection, as described elsewhere [2] . Briefly, 4 log CFUs were injected into the left hind footpads of mice, and 3 days later the mice were killed and their spleens removed. The results were expressed as the mean of the log number of CFUs per positive organ.
The titration of phosphatidyl-inositol phospholipase C (PI- PLC), phosphatidylcholine phospholipase C (PC-PLC), and hemolysin activities have been described elsewhere [2, 4] . To measure PI-PLC activity, bacteria were cultured overnight at 37ЊC in BHI broth supplemented with 0.2% activated charcoal (Merck) and then incubated at 37ЊC under agitation for 7 h. After the culture filtrate was incubated with L-a-[myoinositol-2-3 H(N)] and L-a-phosphatidylinositol, the water-soluble [ 3 H]inositol phosphate was measured in a liquid scintillation analyzer: 1 U of PI-PLC activity represents the release of 1 mmol/L inositol phosphate per minute. A one-way analysis of variance was performed using the Dunnett multiple comparison test (version 2.03; Instat Software). PC-PLC activity was measured in the filtrate of an overnight culture in BHI broth at 37ЊC that was incubated with a lecithin suspension for 24 h. PC-PLC units were defined as the amount of enzyme increasing the optical density read at 510 nm by 0.1 units in 1 h. One hemolytic unit was defined as the reciprocal of the dilution at which 50% hemolysis of sheep red blood cells was detected.
The nucleotide sequencing of the inlA, inlB, plcA, and plcB genes and sequence analyses have been described elsewhere [4, 5] . The inlC (lmo1786), inlD, inlE (lmo0264), inlF (lmo0409), inlG (lmo0262), inlH (lmo0263), inlI (lmo0333), inlJ (lmo2821), and mpl genes were amplified by polymerase chain reaction (PCR). Nucleotide sequencing was done by Genome Express (Meylan, France). Nucleotide sequences were aligned using Vector NTI software (version 9; Informax).
The inlA, mpl, plcA, and inlB sequences have been deposited in GenBank (accession numbers EU295366 and FJ932479-FJ932481, respectively).
The detection of internalin B (InlB) was performed on a total bacteria extract cultured overnight in BHI broth at 37ЊC and probed with rabbit anti-InlB antibody. PI-PLC detection was done on an overnight culture in BHI broth, supplemented with 0.2% activated charcoal, whereas for PC-PLC an overnight culture in charcoal-treated trypticase-glucose-yeast broth supplemented with 0.1 mmol/L ZnSO 4 was used. The supernatant extracts were probed with either rabbit anti-PI-PLC or rabbit anti-PC-PLC antibodies.
Results. To test whether the A23 strain exhibited the same phenotype as the group III strains, enzymatic activities and invasion assays were performed ( Table 1) .
The A23 strain was hemolytic even though its activity was inferior to that of the virulent EGDe strain. The PI-PLC activities of the A23 and group III strains were significantly lower than that of the EGDe strain ( ), but there was no P ! .01 significant difference between the A23 and group III strains ( ). Surprisingly, in contrast to group III, no PC-PLC P ! .01 activity was detected for the A23 strain, whose invasion rate was similar to that of the group III strains. The multiplication index showed that A23 had a much greater ability to multiply within cells than did the other strains. Fluorescence labeling of actin showed that this intracellular multiplication was ac- companied by the formation of actin tails similar in number and appearance to those observed with the virulent EGDe strain (data not shown).
Because the A23 strain exhibited phenotypic similarities with the group III strains, sequencing of the inlA, inlB, and plcA genes was performed. The same mutations found in all the group III strains were also observed in the A23 strain ( Figure  1 ). An adenine insertion at position 13 was detected in the inlA gene, creating a nonsense codon after the 25th amino acid and explaining the absence of internalin A (InlA). The inlB sequencing revealed 9 nucleotide substitutions leading to 2 mutations in InlB: Ala117Thr and Val132Ile. The first substitution, unlike the second, led to a change in the hydrophobic nature of the amino acid, which seemed to be linked to InlB inactivation. Because the major entry proteins were inactive, the presence of other genes of the internalin family was investigated; the inlC, inlD, inlE, inlF, inlI, and inlJ genes were found but the inlG and inlH genes were not. In fact, this strain dem- onstrated the inlC 2 DE rather than the inlHE complex [6] . However, the same genes were found in the group III strains.
Twelve substitutions in the plcA gene were detected, leading to 3 mutations in PI-PLC: Ile17Val, Phe119Tyr, and Thr262Ala. These mutations were the same as those described for group III, and the Thr262Ala substitution was found to be responsible for the absence of PI-PLC activity [5] . Because the A23 strain exhibited no PC-PLC activity, the plcB gene was sequenced, but no difference with the plcB EGDe gene was observed. Comparison of the sequencing of its mpl gene and the mpl EGDe gene revealed 13 nucleotide substitutions, leading to only 1 mutation in Mpl, namely, Leu220Phe, which changed the nature of the amino acid.
Western blot analyses confirmed the presence of the PI-PLC and InlB proteins in the A23 strain (Figure 2 ). In accordance with the nonsense codon, no InlA was detected. Similarly, PC-PLC was not detected in either the culture supernatant or the bacterial pellet. Because PC-PLC requires cleavage of an Nterminal propeptide by Mpl for activation [7] , the Leu220Phe mutation in Mpl could explain the absence of mature PC-PLC.
The virulence level of the A23 strain was assessed in vitro and in vivo ( Table 1 ). The A23 strain formed plaques, unlike all the group III strains. The number of plaques for A23 was lower than that for the virulent EGDe strain but similar to that of numerous virulent strains. Moreover, unlike all the group III strains, which contaminated !40% of the inoculated mice, the A23 strain contaminated all the injected mice. The level of spleen contamination was, however, close to the mean of the logarithm of bacteria numbers recovered with low-virulence strains (log 2.9 CFUs) [2] . From the results of the plaqueforming assay and the number of contaminated mice, the A23 strain should be considered a virulent strain, more so in fact than all the low-virulence group III strains, although less so than the EGDe strain.
Discussion. This study aimed to characterize both phenotypically and genetically a new Listeria strain chosen according to its PFGE profile specific to the low-virulence group III strains. Surprisingly, this A23 strain, which exhibited all the mutations responsible for the low virulence of group III, was still virulent in both in vitro and in vivo virulence assays. It indeed has the ability to form plaques in a cell monolayer and to colonize the spleens of inoculated mice efficiently despite lacking the active proteins involved in invasion and the active phospholipases involved in vacuole escape.
To invade different cell lines, L. monocytogenes requires 2 well-characterized proteins of the internalin family, InlA or InlB [8, 9] . Without these 2 major invasion proteins, the A23 strain could enter cells with other members of the internalin family [10] . For instance, the InlJ protein acted as a novel sortaseanchored adhesin specifically expressed during in vivo infection [11] . Similarly, the InlC protein is involved in virulence in vivo but not in vitro [12] . It has also been identified as an L. monocytogenes-specific factor involved in mediating increased hostcell binding and entry [13] . However, because all the group III strains have the same internalin family proteins as the A23 strain and because the A23 entry level was similar to that of the group III strains, we can hypothesize that the higher intracellular multiplication ability of A23 (20 times higher than the EGDe strain) compensated for its poor invasion ability.
Another surprising observation is that the A23 strain was able to form plaques, despite lacking both PI-PLC and PC-PLC. Fluorescence microscopy showed that, like group III strains, it could escape from the primary vacuole and form actin tails. This indicates that, unlike group III strains, which are blocked within the double membrane vacuole, the high hemolysin level expressed by A23 destroyed the double membrane vacuole. However, the in vitro hemolysin level was low compared with that of EGDe and even group III strains. Moreover, despite its fundamental role in virulence, Listeriolysin O alone is not sufficient to confer pathogenic potential on nonpathogenic gram-positive bacteria [14] . A second hypothesis is thus that the A23 strain expresses an unknown gene involved in vacuole lysis.
Regarding the origin of the A23 strain, it could be postulated that it has evolved from low-virulence strains given that it has 22 of the 23 nucleic acid substitutions in the inlA, inlB, and plcA genes that are the hallmark of group III. In particular, it has the same adenine insertion at position 13 in inlA, creating a nonsense codon; the same Ala117Thr in the LRR domain inactivating InlB; and the same Thr262Ala substitution in the outer rim of the actin site pocket, inactivating the PI-PLC activity [5] . The A23 strain has thus probably evolved independently, acquiring another silencing substitution in inlB and a substitution in mpl that inactivates its activity and thus decreases its virulence level. However, A23 seems then or simultaneously to have increased its virulence level by some unidentified mutations affecting both its ability to multiply intracellularly and its ability to escape from the double-membrane vacuole.
Analysis of the entire genome of group III and A23 strains should help to understand their evolution better and to identify genes acquired by the A23 strain that explain the reacquired virulence. Overall, these data highlight the complexity of the evolution of the virulence imposed by different selection pressures in hosts and the environment, as observed with the LIPI-1 (Listeria pathogenicity island 1) virulence cluster, which could have been deleted in the nonvirulent L. innocua species from a common Listeria ancestor and stabilized in L. monocytogenes [15] .
